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FIELD OF THE INVENTION 

[0002] This invention relates in general to the field of 
branch target address caching in pipelined microprocessors, 
and more particularly to providing a correct instruction 
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stream to an instruction buffer during a microprocessor 
branch caused by a branch target address cache hit. 

BACKGROUND OF THE INVENTION 

[0003] Pipelined microprocessors include multiple 
pipeline stages, each stage performing a different function 
necessary in the execution of program instructions. 
Typical pipeline stage functions are instruction fetch, 
instruction decode, instruction execution, memory access, 
and result write-back. 

[0004] The instruction fetch stage fetches the next 
instruction in the currently executing program. The next 
instruction is typically the instruction with the next 
sequential memory address. However, in the case of a taken 
branch instruction, the next instruction is the instruction 
at the memory address specified by the branch instruction, 
commonly referred to as the branch target address. The 
instruction fetch stage fetches instructions from an 
instruction cache. If the instructions are not present in 
the instruction cache, they are fetched into the 
instruction cache from another memory higher up in the 
memory hierarchy of the machine, such as from a higher- 
level cache or from system memory. The fetched 

instructions are provided to the instruction decode stage. 
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[0005] The instruction decode stage includes instruction 
decode logic that decodes the instruction bytes received 
from the instruction fetch stage. In the case of a 
processor that supports variable length instructions, such 
as an x86 architecture processor, one function of the 
instruction decode stage is to format a stream of 
instruction bytes into separate instructions. Formatting a 
stream of instructions includes determining the length of 
each instruction. That is, instruction format logic 
receives a stream of undifferentiated instruction bytes 
from the instruction fetch stage and formats, or parses, 
the stream of instruction bytes into individual groups of 
bytes. Each group of bytes is an instruction, and the 
instructions make up the program being executed by the 
processor. The instruction decode stage may also include 
translating macro-instructions, such as x86 instructions, 
into micro-instructions that are executable by the 
remainder of the pipeline. 

[0006] The execution stage includes execution logic that 
executes the formatted and decoded instructions received 
from the instruction decode stage. The execution logic 
operates on data retrieved from a register set of the 
processor and/or from memory. The write-back stage stores 
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the results produced by the execution logic into the 
processor register set. 

[0007] An important aspect of pipelined processor 
performance is keeping each stage of the processor busy 
performing the function it was designed to perform. In 
particular, if the instruction fetch stage does not provide 
instruction bytes when the instruction decode stage is 
ready to decode the next instruction, then processor 
performance will suffer. In order to prevent starvation of 
the instruction decode stage, an instruction buffer is 
commonly placed between the instruction cache and 
instruction format logic. The instruction fetch stage 
attempts to keep several instructions worth of instruction 
bytes in the instruction buffer so that the instruction 
decode stage will have instruction bytes to decode, rather 
than starving. 

[0008] Typically, an instruction cache provides a cache 
line of instruction bytes, typically 16 or 32 bytes, at a 
time. The instruction fetch stage fetches one or more 
cache lines of instruction bytes from the instruction cache 
and stores the cache lines into the instruction buffer. 
When the instruction decode stage is ready to decode an 
instruction, it accesses the instruction bytes in the 
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instruction buffer, rather than having to wait on the 
instruction cache . 

[0009] The instruction cache provides a cache line of 
instruction bytes selected by a fetch address supplied to 
the instruction cache by the instruction fetch stage. 
During normal program operation, the fetch address is 
simply incremented by the size of a cache line since it is 
anticipated that program instructions are executed 
sequentially. The incremented fetch address is referred to 
as the next sequential fetch address. However, if a branch 
instruction is decoded by the instruction decode logic and 
the branch instruction is taken (or predicted taken) , then 
the fetch address is updated to the target address of the 
branch instruction (modulo the cache line size) , rather 
than being updated to the next sequential fetch address. 

[0010] However, by the time the fetch address is updated 
to the branch target address, the instruction buffer has 
likely been populated with instruction bytes of the next 
sequential instructions after the branch instruction. 
Because a branch has occurred, the instructions after the 
branch instruction must not be decoded and executed. That 
is, proper program execution requires the instructions at 
the branch target address to be executed, not the next 
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sequential instructions after the branch instruction. The 
instruction bytes in the instruction buffer were 
erroneously pre-fetched in anticipation of the more typical 
case of sequential instruction flow in the program. To 
remedy this error, the processor must flush all instruction 
bytes behind the branch instruction, which includes the 
instruction bytes in the instruction buffer. 

[0011] Flushing the instruction buffer upon a taken 
branch instruction is costly since now the instruction 
decode stage will be starved until the instruction buffer 
is re-populated from the instruction cache. One solution 
to this problem is to branch prior to decoding the branch 
instruction. This may be accomplished by employing a 
branch target address cache (BTAC) that caches fetch 
addresses of instruction cache lines containing previously 
executed branch instructions and their associated target 
addresses . 

[0012] The instruction cache fetch address is applied to 
the BTAC essentially in parallel with the application of 
the fetch address to the instruction cache. In the case of 
an instruction cache fetch address of a cache line 
containing a branch instruction, the cache line is provided 
to the instruction buffer. In addition, if the fetch 
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address hits in the BTAC, the BTAC provides an associated 
branch target address. If the branch instruction hitting 
in the BTAC is predicted taken, the instruction cache fetch 
address is updated to the target address provided by the 
BTAC. 

[0013] Because the instruction cache provides a cache 
line of instructions at a time to the instruction buffer, 
there may be instruction bytes in the cache line after the 
branch instruction. The instruction bytes after the branch 
instruction should not be executed. Rather, the 

instruction bytes in the instruction buffer after the 
branch instruction must be discarded from the instruction 
byte stream provided to the instruction decode stage. 
However, the instruction buffer cannot be flushed wholesale 
(as was done with processors without the BTAC described 
above) since there may be valid instructions still present 
in the instruction buffer that have not yet been decoded. 
In particular, the branch instruction itself (and any other 
instruction bytes in the cache line prior to the branch 
instruction) need to be decoded and executed. 

[0014] However, while the branch instruction remains in 
the instruction buffer and has not yet been formatted, the 
location of the instructions following the branch 
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instruction in the instruction buffer are not known. This 
is because the branch instruction's length and location in 
the cache line are not known until it is formatted; and 
consequently, the location of the branch instruction in the 
instruction buffer is not known. Accordingly, the location 
of the instruction following the branch instruction is also 
not known. 

[0015] Finally, the instruction decode stage in a 
variable instruction length processor includes separate 
portions that format associated portions of the 
instructions. For example, one portion of the format logic 
may format the opcode byte of the instruction, typically 
the first byte, whereas another portion of the format logic 
may format another portion of the instruction. The correct 
portion of the instruction byte stream must be provided to 
the correct portion of the instruction format logic. 

[0016] Typically, it is a difficult task in the design 
of a pipelined microprocessor to design instruction format 
logic capable of performing instruction format functions 
within the cycle time of the processor. Hence, it is 
advantageous to provide as much of the cycle time for 
formatting instruction bytes as possible, rather than 
spending a portion of the time steering the instruction 
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bytes to the appropriate portion of the format logic. 
Consequently, it is advantageous to employ an instruction 
buffer that is directly coupled to the instruction format 
logic in the instruction decode stage. That is, it is 
advantageous to eliminate logic required to steer the 
instruction bytes from the instruction buffer to the 
appropriate portion of the instruction format logic. 

[0017] Therefore, what is needed is a branch control 
apparatus in a pipelined processor that enables use of an 
instruction cache fetch address-based BTAC in conjunction 
with an instruction buffer that is directly coupled to the 
processor's instruction format logic in order to increase 
the amount of processor cycle time available for 
instruction formatting. 

SUMMARY 

[0018] The present invention provides a branch control 

apparatus in a pipelined processor that enables use of a 

BTAC that caches instruction cache fetch addresses in 

conjunction with an instruction buffer that is directly 

coupled to the processor's instruction format logic. 

Accordingly, in attainment of the aforementioned object, it 

is a feature of the present invention to provide a branch 

control apparatus in a microprocessor. The apparatus 
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includes an instruction cache that outputs a line of 
instruction bytes selected by a fetch address. The 
apparatus also includes an instruction buffer, coupled to 
the instruction cache, that buffers the line of instruction 
bytes. The apparatus also includes a branch target address 
cache (BTAC) , coupled to the fetch address, which provides 
offset information relating to a location of a branch 
instruction within the line of instruction bytes. The 
apparatus also includes selection logic, coupled to the 
BTAC, which causes a portion of the instruction bytes to 
not be provided to the instruction buffer, based on the 
offset information . 

[0019] In another aspect, it is a feature of the present 
invention to provide a pre-decode stage within a 
microprocessor. The pre-decode stage includes an 

instruction buffer that buffers instruction data for 
provision to instruction format logic. The pre-decode 
stage also includes selection logic, coupled to the 
instruction buffer, which receives first instruction data 
selected by a fetch address from an instruction cache. The 
first instruction data includes a branch instruction. The 
pre-decode stage also includes a branch target address 
cache (BTAC), coupled to the selection logic, which 
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provides a target address of the branch instruction as a 
next fetch address to the instruction cache. The selection 
logic receives second instruction data selected by the 
target address from the instruction cache. The second 
instruction data includes a target instruction of the 
branch instruction. The selection logic writes the branch 
instruction and the target instruction immediately adjacent 
to one another in the instruction buffer. 

[0020] In another aspect, it is a feature of the present 
invention to provide a method for providing a branch 
instruction and a target instruction of the branch 
instruction to an instruction buffer. The method includes 
receiving from the instruction cache a first cache line 
containing the branch instruction, and receiving from a 
branch target address cache (BTAC) an offset within the 
first cache line of an instruction immediately following 
the branch instruction. The method also includes receiving 
from the instruction cache a second cache line containing 
the target instruction. The second cache line is selected 
by a target address of the branch instruction provided by 
the BTAC. The method also includes discarding instructions 
after the branch instruction in the first cache line, and 
discarding instructions preceding the target instruction in 
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the second cache line. The method also includes providing 
to the instruction buffer a portion of the first and second 
cache lines remaining after each of the discardings. 

[0021] An advantage of the present invention is that it 
enables the use of a byte-wide instruction buffer that may 
be directly coupled to instruction format logic in 
conjunction with a pre-instruction buffer BTAC. That is, 
no muxing is required between the instruction buffer and 
format logic to provide the correct instruction byte to the 
correct format portion. Although byte-wide instruction 
buffers tend to be smaller than non-byte-wide instruction 
buffers, the direct coupling of them to the instruction 
format logic substantially reduces the timing constraints 
upon the format logic. The timing constraints are reduced 
by recovering additional time in the processor clock cycle 
for formatting instructions rather than having to spend 
time steering the instruction bytes from the instruction 
buffer to the appropriate portion of the instruction format 
logic. The direct coupling is possible because the present 
invention places only valid instruction bytes into the 
instruction buffer. The invention discards the 

instructions made invalid due to the branch before they are 
provided to the instruction buffer. 
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[0022] Other features and advantages of the present 
invention will become apparent upon study of the remaining 
portions of the specification and drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIGURE 1 is a block diagram of a pipelined 
microprocessor including a branch control apparatus 
according to the present invention. 

[0024] FIGURE 2 is a block diagram illustrating the 
coupling of the instruction buffer and instruction format 
logic of Figure 1 according to the present invention. 

[0025] FIGURE 3 is a block diagram of the muxing logic 
of Figure 1 according to the present invention. 

[0026] FIGURE 4 is a flowchart illustrating operation of 
the branch control apparatus of Figure 1 according to the 
present invention . 

[0027] FIGURE 5 is a block diagram illustrating an 
example of the operation of the branch control apparatus of 
Figure 1 according to the present invention. 
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DETAILED DESCRIPTION 

[0028] Referring now to Figure 1, a block diagram of 
portions of a pipelined microprocessor 100 including a 
branch control apparatus according to the present invention 
is shown. In one embodiment, the microprocessor 100 
comprises an x86 architecture processor. In one 

embodiment, the microprocessor 100 comprises a 13-stage 
pipeline, comprising an instruction fetch stage, multiple 
instruction cache access stages, an instruction format 
stage, an instruction decode or translation stage, a 
register access stage, an address calculation stage, 
multiple data cache access stages, multiple execution 
stages, a store stage, and a write-back stage. 

[0029] The microprocessor 100 includes an instruction 
cache 102 that caches instruction bytes. The instruction 
bytes are received from a memory via a data bus 166. The 
instruction cache 102 comprises an array of cache lines for 
storing instruction bytes. The array of cache lines is 
indexed by a fetch address 152. That is, the fetch address 
152 selects one of the cache lines in the array. The 
instruction cache 102 outputs the selected cache line of 
instruction bytes via a data bus 142. 
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[0030] In one embodiment, the instruction cache 102 
comprises a 64KB 4-way set associative cache, with 32-byte 
cache lines per way. In one embodiment, one half of the 
selected cache line of instruction bytes is provided by the 
instruction cache 102 at a time, i.e., 16 bytes are 
provided during two separate periods each. In one 

embodiment, the instruction cache 102 is similar to an 
instruction cache described in U.S. Patent application 

serial number entitled SPECULATIVE 

BRANCH TARGET ADDRESS CACHE, (docket number CNTR:2021), 
having a common assignee, and which is hereby incorporated 
by reference in its entirety for all purposes. 

[0031] The microprocessor 100 also includes a branch 
target address cache (BTAC) 116. The BTAC 116 also 
receives the instruction cache 102 fetch address 152. The 
BTAC 116 caches fetch addresses of previously executed 
branch instructions. The BTAC 116 comprises an array of 
storage elements for storing the target address of the 
branch instruction after the branch instruction is executed 
by the processor 100. The storage elements also store 
other speculative branch information related to the branch 
instructions for which the target addresses are cached. In 
particular, the storage elements store the location of the 
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instruction following the branch instruction within the 
cache line. The fetch address 152 indexes the array of 
storage elements in the BTAC 116 to select one of the 
storage elements. 

[0032] The BTAC 116 outputs a target address 132 and 
speculative branch information (SBI) 136 from the storage 
element selected by the fetch address 152. In one 
embodiment, the SBI 136 includes the branch instruction 
length, whether the branch instruction wraps over multiple 
instruction cache lines, whether the branch is a call or 
return instruction, and information used to predict the 
direction of the branch instruction, as described in U.S. 
Patent application entitled SPECULATIVE BRANCH TARGET 
ADDRESS CACHE which is incorporated by reference above. 

[0033] The BTAC 116 also outputs a BEG value 138, which 
specifies the byte offset of the instruction following the 
associated branch instruction within the instruction cache 
line 142 selected by the fetch address 152. The BEG value 
138 is cached in the BTAC 116 along with the branch 
instruction target address after execution of the branch 
instruction. The BEG value 138 is calculated by adding the 
instruction pointer of the branch instruction to the length 
of the branch instruction. If the microprocessor 100 
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branches to the target address 132 provided by the BTAC 
116, then all the instructions in the cache line after the 
branch instruction are invalid. That is, the instruction 
bytes after the branch instruction should not be executed 
because the branch instruction has been taken. Hence, for 
proper program execution, the instruction bytes following 
the branch instruction must be discarded before execution. 

[0034] The BTAC 116 also outputs a HIT signal 134 that 
indicates whether or not the fetch address 152 hit in the 
BTAC 116. In one embodiment, the BTAC 116 is similar to a 
BTAC described in U.S. Patent application entitled 
SPECULATIVE BRANCH TARGET ADDRESS CACHE which is 
incorporated by reference above. In particular, the BTAC 
116 is a speculative BTAC because the microprocessor 100 
branches to the target address 132 provided by the BTAC 116 
before the instruction cache line provided by the 
instruction cache 102 is decoded to know whether or not a 
branch instruction is even present in the cache line 
selected by the fetch address. That is, the microprocessor 
100 speculatively branches even though the possibility 
exists that no branch instruction is present in the cache 
line selected by the fetch address hitting in the BTAC 116. 
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[0035] The microprocessor 100 also includes control 
logic 122. The HIT signal 134, the SBI 136 and the BEG 
value 138 are all provided as inputs to the control logic 
122. The operation of the control logic 122 is described 
in more detail below. 

[0036] The microprocessor 100 also includes a mux 118. 
The mux 118 receives at least three addresses as inputs and 
selects one of the inputs as the fetch address 152 to the 
instruction cache 102 in response to control signal 168 
from the control logic 122. The mux 118 receives the 
target address 132 from the BTAC 116. The mux 118 also 
receives a next sequential fetch address 162, which is the 
previous fetch address incremented by the size of an 
instruction cache 102 cache line by an incrementer 124 that 
receives the fetch address 152 and provides the next 
sequential fetch address 162 to the mux 118. 

[0037] The mux 118 also receives a resolved target 
address 164. The resolved target address 164 is provided 
by execution logic in the microprocessor 100. The 
execution logic calculates the resolved target address 164 
based on a full decode of a branch instruction. If after 
branching to the target address 132 provided by the BTAC 
116, the microprocessor 100 later determines that the 
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branch was erroneous, the microprocessor 100 corrects the 
error by flushing the pipeline and branching to either the 
resolved target address 164 or to the fetch address of a 
cache line including the instruction following the branch 
instruction. In one embodiment, the microprocessor 100 
corrects the error by flushing the pipeline and branching 
to the fetch address of a cache line including the branch 
instruction itself, if the microprocessor 100 determines 
that no branch instruction was present in the cache line 
142 as presumed. The error correction is as described in 

U.S. Patent application serial number 

entitled APPARATUS, SYSTEM AND METHOD FOR DETECTING AND 
CORRECTING ERRONEOUS SPECULATIVE BRANCH TARGET ADDRESS 
CACHE BRANCHES, (docket number CNTR:2022), having a common 
assignee, and which is hereby incorporated by reference in 
its entirety for all purposes. 

[0038] In one embodiment, the mux 118 also receives 
other target addresses predicted by other branch prediction 
elements, such as a call/return stack and a branch target 
buffer (BTB) that caches target addresses of indirect 
branch instructions based on the branch instruction 
pointer. The mux 118 selectively overrides the target 
address 132 provided by the BTAC 116 with the target 
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address provided by the call/return stack or BTB as 
described in U.S. Patent application serial number 

entitled SPECULATIVE BRANCH TARGET 

ADDRESS CACHE WITH SELECTIVE OVERRIDE BY SECONDARY 
PREDICTOR BASED ON BRANCH INSTRUCTION TYPE, (docket number 
CNTR:2052), having a common assignee, and which is hereby 
incorporated by reference in its entirety for all purposes. 

[0039] The microprocessor 100 also includes a byte 
selection register 104 that receives from the instruction 
cache 102 the selected line of instruction bytes via data 
bus 142. In one embodiment, the byte selection register 
104 is 16 bytes wide for receiving 16 instruction bytes 
from the instruction cache 102 at a time. 

[0040] The microprocessor 100 also includes 16 valid 
bits 106 corresponding to each of the 16 bytes in the byte 
selection register 104. The valid bits 106 indicate 
whether or not a corresponding one of the bytes in the byte 
selection register 104 is a valid instruction byte for 
buffering, formatting, decoding, and executing by the 
microprocessor 100. The control logic 122 selectively sets 
or clears the valid bits 106 via control signals 154 based 
upon the HIT 134, SBI 136, and BEG 138 signals received 
from the BTAC 116. Instruction bytes after a taken branch 
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instruction in the byte selection register 104 are marked 
invalid by the control logic 122. In addition, instruction 
bytes before the target instruction of a branch instruction 
are marked invalid. In one embodiment, the valid bits 106 
are comprised within the control logic 122. 

[0041] The microprocessor 100 also includes muxing logic 
108 that receives the byte selection register 104 bytes via 
a data bus 144. The muxing logic 108 discards invalid 
bytes received from the byte selection register 104. The 
muxing logic 108 and its operation are described in more 
detail with respect to Figures 3 and 4 below. 

[0042] The microprocessor 100 also includes an 
instruction buffer 112 that receives valid instruction 
bytes from the muxing logic 108 via a data bus 146. 
Advantageously, the muxing logic 108, based on control 
signals 156 from the control logic 122, selectively 
provides only valid ones of the bytes from the byte 
selection register 104 to the instruction buffer 112. 
Instruction bytes in the byte selection register 104 whose 
corresponding valid bit 106 indicates the byte is invalid 
are discarded by the muxing logic 108 and are not provided 
to the instruction buffer 112. 



21 



Docket CNTR:2020 

[0043] In one embodiment, the instruction buffer 112 
stores thirteen instruction bytes. The instruction buffer 
112 comprises a byte-wide shift register for storing 
instruction bytes. Advantageously, the instruction buffer 
112 shifts out already formatted instruction bytes on a 
byte granularity basis, thereby leaving the first byte of a 
next instruction to be formatted at the bottom of the 
instruction buffer 112, as will be described in more detail 
below . 

[0044] The microprocessor 100 also includes instruction 
format logic 114 that receives instruction bytes from the 
instruction buffer 112 via a data bus 148. The 
instruction format logic 114 examines the contents of the 
instruction buffer 112 and formats, or parses, the 
instruction bytes contained therein into separate 
instructions. In particular, the instruction format logic 
114 determines the size in bytes of the instruction at the 
bottom of the instruction buffer 112. The instruction 
format logic 114 provides the formatted instructions to the 
remainder of the microprocessor 100 pipeline for further 
decode and execution. Advantageously, the instruction 
buffer 112 buffers instruction bytes in order to reduce the 



22 



Docket CNTR:2020 

probability of starvation of the instruction format logic 
114 . 

[0045] The instruction format logic 114 provides the 
size of the instruction at the bottom of the instruction 
buffer 112 to the control logic 122 via control signal 172. 
The control logic 122 uses the instruction size 172 to 
control the shifting of an instruction worth of instruction 
bytes out of the instruction buffer 112 via control signal 
174. That is, control signal 172 serves as a shift count 
for the muxing logic 108 and instruction buffer 112. The 
control logic 122 also uses the shift count 172 to control 
the loading of instruction bytes into the instruction 
buffer 112. The control logic 122 also uses the shift 
count 172 to control the operation of the muxing logic 108 
via control signal 156. In one embodiment, the instruction 
format logic 114 is capable of formatting multiple 
instructions per processor 100 clock cycle. 

[0046] Referring now to Figure 2, a block diagram 
illustrating the coupling of the instruction buffer 112 and 
instruction format logic 114 of Figure 1 according to the 
present invention is shown. The instruction format logic 
114 comprises separate portions for formatting various ones 
of the instruction bytes of an instruction of the 
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microprocessor 100. In the embodiment shown in Figure 2, 
the instruction format logic 114 comprises a portion for 
formatting byte 0, a portion for formatting byte 1, a 
portion for formatting byte 2, and so forth through a 
portion for formatting byte N. Correspondingly, the 
instruction buffer 112 comprises bytes 0, 1, 2 through N. 

[0047] The portion of the instruction format logic 114 
for formatting byte 0 of the instruction is configured to 
read byte 0 from the instruction buffer 112 directly via a 
portion of data bus 148 of Figure 1. Similarly, the 
portion of the instruction format logic 114 for formatting 
byte 1 is configured to read byte 1 from the instruction 
buffer 112 directly via a second portion of data bus 148. 
The portion of the instruction format logic 114 for 
formatting byte 2 is configured to read byte 2 from the 
instruction buffer 112 directly via a third portion of data 
bus 148 and so forth through byte N. 

[0048] Thus, it may be observed from Figure 2 that the 
present invention advantageously provides a direct coupling 
between the instruction buffer 112 and the instruction 
format logic 114 such that no steering logic is needed in 
between for steering instruction bytes, thereby potentially 
providing improved timing characteristics of the 
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microprocessor 100. This advantage is obtained in part 
because the byte-wide instruction buffer 112 shifts out an 
entire instruction at a time, such that the bottom byte in 
the instruction buffer 112 is always byte 0 of the next 
instruction to be formatted by the instruction format logic 
114. 

[0049] Advantageously, it is therefore not necessary to 
provide steering logic in between the instruction buffer 
112 and instruction format logic 114 to steer the 
instruction bytes to the correct portion of the instruction 
format logic 114. Typically, such steering logic is 
detrimental to timing, and may therefore lengthen the clock 
cycle of the microprocessor 100. However, with the benefit 
of the present invention, the clock cycle of the 
microprocessor 100 may potentially be shortened when 
employing a BTAC 116 of the type described herein. 

[0050] Referring now to Figure 3, a block diagram of the 
muxing logic 108 of Figure 1 according to the present 
invention is shown. The muxing logic 108 comprises a set 
of thirteen 16:1 masking muxes 302, each of which receives 
BSR[15:0], the 16 bytes from the byte selection register 
104 of Figure 1, via data bus 144. Each of the masking 
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muxes 302 selects a byte. The bytes selected by the 
masking muxes 302 are provided on outputs M[12:0]. 

[0051] The masking muxes 302 are controlled by the 
control logic 122 via control signals 156 of Figure 1. The 
masking muxes 302 operate in conjunction with one another 
to mask off, or discard, invalid instruction bytes stored 
in the byte selection register 104 (indicated by the valid 
bits 106) and to provide only valid instruction bytes at 
the bottom of the outputs M[12:0] of the masking muxes 302. 
That is, the first valid byte in the byte selection 
register 104 will be provided on output byte M[0], the 
second valid byte on output byte M[l], and so forth, such 
that if thirteen valid bytes are present in the byte 
selection register 104, then the thirteen valid bytes will 
be provided on output M[12] . Thus, for example, if byte 2 
(i.e., BSR[2]) from the byte selection register 104 is the 
first valid byte, then it will be output on M[0] ; if BSR[3] 
is valid, it will be output on M[l], and so forth. 

[0052] The muxing logic 108 comprises a set of twenty- 
four 13:1 alignment muxes 304, each of which receives the 
13 bytes M[12:0] from the masking muxes 302. Each of the 
alignment muxes 304 selects a byte. The selected bytes are 
provided on outputs A[23:0], The alignment muxes 304 are 
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controlled by the control logic 122 via control signals 
156. The alignment muxes 304 operate in conjunction with 
one another to align the valid bytes received on M[12:0] 
from the masking muxes 302 with the first pre-shift 
location in the instruction buffer 112. That is, the 
alignment muxes 304 align the valid bytes received on 
M[12:0] with the instruction buffer 112 byte location that 
is empty prior to the instruction buffer 112 shifting out 
an already formatted instruction. 

[0053] The upper alignment muxes 304 need not all be 
13:1 muxes. In one embodiment, the alignment mux 304 for 
byte 23 is a 1:1 mux that only receives M[12] as an input, 
the alignment mux 304 for byte 22 is a 2:1 mux that only 
receives M[12:ll] as inputs, the alignment mux 304 for byte 
21 is a 3:1 mux that only receives M[12:10] as inputs, and 
so forth down to the alignment mux 304 for byte 12, which 
is a 12:1 mux that only receives M[12:l] as inputs. 

[0054] In one embodiment, the masking muxes 302 and the 
alignment muxes 304 are combined into a single set of muxes 
that perform the combined functions of the embodiment of 
Figure 3 described above. 

[0055] The muxing logic 108 comprises a set of thirteen 

2:1 hold/load muxes 306, each of which receives two input 
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bytes. One input is the corresponding output A[n] of the 
alignment muxes 304. That is, the hold/load mux 306 for 
byte 0 receives as one input A[0] from the alignment mux 
304 for byte 0, the hold/load mux 306 for byte 1 receives 
as one input A[l] from the alignment mux 304 for byte 1, 
and so forth to the hold/load mux 306 for byte 12, which 
receives as one input A [12] from the alignment mux 304 for 
byte 12. The second input to each of the hold/load muxes 
306 is a corresponding one of outputs IB [12:0] of the 
instruction buffer 112 provided on data bus 148 of Figure 
1. That is, the hold/load mux 306 for byte 0 receives as 
the second input IB[0] from the instruction buffer 112 for 
byte 0, the hold/load mux 306 for byte 1 receives as the 
second input IB[1] from the instruction buffer 112 for byte 
1, and so forth to the hold/load mux 306 for byte 12, which 
receives as the second input IB [12] from the instruction 
buffer 112 for byte 12. 

[0056] The hold/load muxes 306 select one of the two 
inputs depending upon whether the corresponding byte in the 
instruction buffer 112 is valid. The control logic 122 
controls the hold/load muxes 306 via control signals 156. 
Thus, for example, if byte 5 in the instruction buffer 112 
is valid, then the corresponding hold/load mux 306 for byte 
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5 selects the IB [5] input to hold the value in the 
instruction buffer 112, rather than receiving an 
instruction byte from the byte selection register 104. 
Conversely, if byte 5 in the instruction buffer 112 is 
invalid {i.e., the location in the instruction buffer 112 
for byte 5 is empty) , then the corresponding hold/load mux 
306 for byte 5 selects the A [5] input to receive an 
instruction byte from the byte selection register 104, 
rather than holding the IB [5] value. The hold/load muxes 
306 provide the selected input on outputs X[12:0]. 

[0057] The muxing logic 108 comprises a set of thirteen 
12:1 shift muxes 308, each of which receives 12 input bytes 
comprising different combinations of the outputs from the 
alignment muxes 304 (A [23:0]) and the hold/load muxes 306 
(X[12:0]). The shift mux 308 for byte 0 receives X[11:0]; 
the shift mux 308 for byte 1 receives X[12:l]; the shift 
mux 308 for byte 2 receives A[13] and X[12:2]; the shift 
mux 308 for byte 3 receives A[14:13] and X[12:3]; and so 
forth up to the shift mux 308 for byte 11, which receives 
A[22:13] and X[12:ll]; and the shift mux 308 for byte 12, 
which receives A[23:13] and X[12]. 

[0058] The shift muxes 308 shift down the bytes selected 
by the masking muxes 302, alignment muxes 304, and 

29 



Docket CNTR:2020 

hold/load muxes 306 according to the number of instruction 
bytes that are to be shifted out of the instruction buffer 
112. That is, when the instruction format logic 114 
formats an instruction it reads from the instruction buffer 
112 and determines the size in bytes of the formatted 
instruction, the size determines the number of bytes that 
will be shifted out of the instruction buffer 112. The 
size of the formatted instruction is the shift count 172 of 
Figure 1, which is used by the control logic 122 to control 
the shift muxes 308 via control signals 156 to select the 
appropriate inputs to cause the shift. 

[0059] The outputs of the shift muxes 308 are provided 
to a corresponding byte location in the instruction buffer 
112 for loading of the masked, aligned, held/loaded and 
shifted instruction bytes. The loading of the instruction 
buffer 112 is controlled by the control logic 122 via 
control signals 174. 

[0060] Thus, it may be observed that the muxing logic 
108 of Figure 3 advantageously densely packs only the valid 
instruction bytes from the byte selection register 104 into 
the instruction buffer 112, as will be described in more 
detail below with respect to the remaining Figures. 
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[0061] Referring now to Figure 4, a flowchart 
illustrating operation of the branch control apparatus of 
Figure 1 according to the present invention is shown. Flow 
begins at block 402. 

[0062] At block 402, a fetch address 152 of Figure 1 is 
provided to the instruction cache 102 of Figure 1 to select 
a line of instruction bytes from the instruction cache 102. 
In addition, the fetch address 152 is provided to the BTAC 
116 of Figure 1, which generates a hit in the BTAC 116 if a 
target address for the fetch address 152 is stored in the 
BTAC 116. Flow proceeds from block 402 to block 404. 

[0063] At block 404, the cache line of instruction bytes 
selected during step 402, which is assumed for purposes of 
illustration to include a branch instruction, is loaded 
into the byte selection register 104 of Figure 1. In 
addition, the control logic 122 detects that the fetch 
address 152 hit in the BTAC 116 because the fetch address 
152 of the cache line containing the branch instruction is 
cached in the BTAC 116. Flow proceeds from block 404 to 
blocks 406 and 414. Blocks 406 and 414 begin two 
respective flows of operation that are performed 
substantially concurrently. The first flow, comprising 
blocks 406, 408, and 412, will be described first. 
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[0064] At block 406, the control logic 122 obtains the 
BEG value 138 from the BTAC 116, which specifies the byte 
offset of the instruction following the branch instruction 
in the cache line selected during step 402. The BEG value 
138 is correspondingly the offset of the instruction 
following the branch instruction in the byte selection 
register 104, because the byte selection register 104 is 
the same size as a cache line, and the cache line 
containing the branch instruction was loaded into the byte 
selection register 104 during step 404. For example, if a 
branch instruction begins at byte 3 and is 2 bytes long, 
then the BEG value 138 provided by the BTAC 116 will be 5, 
since the instruction following the branch instruction will 
begin at byte 5 in the byte selection register 104. Flow 
proceeds from block 406 to block 408. 

[0065] At block 408, the control logic 122 masks off the 
valid bits for all instruction bytes in the byte selection 
register 104 following the branch instruction based on the 
BEG value 138 obtained from the BTAC 116 during step 406. 
Consequently, all instruction bytes in the byte selection 
register 104 marked invalid will be subsequently discarded 
and not provided to the instruction buffer 112 of Figure 1. 
For example, if the BEG value 138 is 5, then bytes 5 
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through 15 in the byte selection register 104 will be 
marked invalid. Flow proceeds from block 408 to block 412. 

[0066] At block 412, the instruction bytes in the byte 
selection register 104 that were marked valid during step 
408 are loaded into the instruction buffer 112 by the 
control logic 122. Stated alternatively, the instruction 
bytes in the byte selection register 104 that were marked 
invalid during step 408 are not loaded into the instruction 
buffer 112. If instruction bytes are in the instruction 
buffer 112 which have already been formatted, then the 
formatted instruction bytes are shifted out of the 
instruction buffer 112 prior to the loading of the valid 
instruction bytes from the byte selection register 104. 
The number of valid bytes that are loaded from the byte 
selection register 104 into the instruction buffer 112 is 
limited by the amount of empty byte locations in the 
instruction buffer 112 after the formatted instructions are 
shifted out. 

[0067] As described above with respect to Figure 3, the 
valid bytes from the byte selection register 104 are loaded 
into the instruction buffer 112 directly behind the last 
valid non-formatted instruction byte in the instruction 
buffer 112. For example, if 15 bytes in the byte selection 
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register 104 are valid, and 9 bytes are empty in the 
instruction buffer 112 after the formatted bytes are 
shifted out, only the first 9 valid bytes from the byte 
selection register 104 will be loaded into the instruction 
buffer 112. 

[0068] The second concurrent flow, comprising blocks 
414, 416, and 418, will now be described. 

[0069] At block 414, the target address 132 of the 
branch instruction is obtained from the BTAC 116 and 
provided to mux 118 of Figure 1. The target address 132 is 
obtained from the BTAC 116 substantially in parallel with 
the obtaining of the BEG value 138 from the BTAC 116 during 
step 406. Flow proceeds from block 414 to block 416. 

[0070] At block 416, mux 118 selects the target address 
132 provided by the BTAC 116 as the next fetch address 152 
to the instruction cache 102. The selection of the target 
address 132 will cause the microprocessor 100 to 
speculatively branch to the cached target address 132 of 
the branch instruction contained in the cache line selected 
during step 402. That is, the target address 132 will be 
used as the next fetch address 152 to select a cache line 
containing the branch target instructions from the 
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instruction cache 102. Flow proceeds from block 416 to 
block 418. 

[0071] At block 418, a cache line of instruction bytes 
including the target instructions of the branch instruction 
is loaded into the byte selection register 104. The 
loading of the cache line containing the target instruction 
bytes into the byte selection register 104 during step 418 
is performed substantially concurrently with the loading of 
the valid bytes including the branch instruction from the 
byte selection register 104 into the instruction buffer 112 
during step 412. Flow merges from blocks 412 and 418 and 
proceeds from blocks 412 and 418 to block 422. 

[0072] At block 422, the control logic 122 masks off the 
valid bits for all instruction bytes in the byte selection 
register 104 preceding the target instructions based on the 
target address 132 obtained from the BTAC 116 during step 
414. Consequently, all instruction bytes in the byte 
selection register 104 marked invalid will be subsequently 
discarded and not provided to the instruction buffer 112. 
For example, if the least significant bits of the target 
address 132 are 0x7, then bytes 0 through 6 in the byte 
selection register 104 will be marked invalid. Flow 
proceeds from block 422 to block 424. 
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[0073] At block 424, the valid instruction bytes from 
the byte selection register 104, which now contains the 
target instructions, is loaded from the byte selection 
register 104 to the instruction buffer 112 directly behind 
the last byte of the branch instruction. An example of the 
operation of the branch control apparatus described above 
will be described now with respect to Figure 5. 

[0074] Referring now to Figure 5, a block diagram 
illustrating an example of the operation of the branch 
control apparatus of Figure 1 according to the present 
invention is shown. Figure 5 shows the content of the byte 
selection register 104 at two different stages in the flow 
of Figure 4, denoted 104A and 104B. Figure 5 shows the 
content of the instruction buffer 112 at three different 
stages in the flow of Figure 4, denoted 112A, 112B, and 
112C. 

[0075] Instruction buffer 112A shows the initial content 
of the instruction buffer 112 in the example. The 
instruction buffer 112A contains seven valid instruction 
bytes and six empty, or invalid, instruction byte 
locations. Hence, byte locations 0 through 6 of the 
instruction buffer 112A each contain an instruction byte, 
denoted A through G, respectively, for the example. 
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[0076] Byte selection register 104A shows the content of 
the byte selection register 104 after being loaded with the 
cache line containing the branch instruction during step 
404 of Figure 4 and after having the valid bits masked off 
during step 408 of Figure 4 based on the offset information 
received from the BTAC 116 during step 406. 

[0077] In byte selection register 104A, byte 0 contains 
an instruction byte denoted Q. Byte 1 contains an 
instruction byte denoted R. Byte 2 contains the first byte 
of a two-byte branch instruction, denoted "JCC", which is 
the opcode byte of an x86 conditional jump instruction. 
Byte 3 contains the second byte of the JCC instruction, 
which is a signed displacement, denoted Misp". 

[0078] In the example, the BEG value 138 obtained by the 
control logic 122 from the BTAC 116 during step 406 of 
Figure 4 is equal to 4, since the byte offset of the 
instruction following the branch instruction is 4. 
Consequently, during step 408 of Figure 4, the control 
logic 122 marks bytes 0 through 3 valid and bytes 4 through 
15 invalid. 

[0079] Instruction buffer 112B shows the content of the 

instruction buffer 112 after shifting out five formatted 

instruction bytes in the example (i.e., instruction bytes A 
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through E) and loading in the four valid instruction bytes 
(i.e., Q, R, JCC, and disp) from byte selection register 
104A. That is, instruction buffer 112B shows the content 
after execution of step 412 of Figure 4. The invalid 
instruction bytes that occupy bytes 4 through 15 of byte 
selection register 104A following the branch instruction 
are discarded by the masking muxes 302 of Figure 3 and not 
loaded into the instruction buffer 112. 

[0080] Byte 0 of instruction buffer 112B contains 
instruction byte F, shifted down from byte 5 of instruction 
buffer 112A. Similarly, byte 1 of instruction buffer 112B 
contains instruction byte G, shifted down from byte 6 of 
instruction buffer 112A. That is, bytes 0 and 1 of 
instruction buffer 112B are held by the hold/load muxes 306 
of Figure 3. 

[0081] Byte 2 of instruction buffer 112B contains 
instruction byte Q, passing from byte 0 of the byte 
selection register 104A through the muxing logic 108 and 
loaded into byte 2 of instruction buffer 112B according to 
step 412 of Figure 4 immediately adjacent to the highest 
valid byte in the post-shift instruction buffer 112B, 
Similarly, byte 3 of instruction buffer 112B contains 
instruction byte R, passing from byte 1 of the byte 
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selection register 104A through the muxing logic 108 and 
loaded into byte 3 of instruction buffer 112B. Similarly, 
byte 4 of instruction buffer 112B contains the JCC opcode 
instruction byte, passing from byte 2 of the byte selection 
register 104A through the muxing logic 108 and loaded into 
byte 4 of instruction buffer 112B. Similarly, byte 5 of 
instruction buffer 112B contains the displacement byte of 
the JCC instruction, passing from byte 3 of the byte 
selection register 104A through the muxing logic 108 and 
loaded into byte 5 of instruction buffer 112B. 

[0082] Byte selection register 104B shows the content of 
the byte selection register 104 after being loaded with the 
cache line containing the branch target instructions during 
step 418 of Figure 4. In the example, the branch target 
instructions are denoted X, Y, and Z, which are located in 
bytes 13 through 15 of byte selection register 104B. Bytes 
X, Y, and Z may compose one, two, or three instructions, 
depending upon their instruction length. Because the first 
byte of the target instructions is located in byte 13 of 
the byte selection register 104B in the example, the 
control logic 122 has marked bytes 0 through 12 invalid by 
clearing the associated valid bits 106. Hence, bytes 0 
through 12 of the byte selection register 104B will be 
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discarded by the masking muxes 302 and not provided to the 
instruction buffer 112. 

[0083] Instruction buffer 112C shows the content of the 
instruction buffer 112 after not shifting out any formatted 
instruction bytes and loading in the three valid 
instruction bytes of the target instructions (i.e., X, Y, 
and Z) from byte selection register 104B. That is, 
instruction buffer 112C shows the content after execution 
of step 424 of Figure 4. The invalid instruction bytes 
that occupy bytes 0 through 12 of byte selection register 
104B before the target instructions are discarded by the 
masking muxes 302 and not provided to the instruction 
buffer 112. 

[0084] Bytes 0 through 5 of instruction buffer 112C 
contain the same values as bytes 0 through 5 of instruction 
buffer 112B, since no shift out occurred because the 
instruction format logic 114 of Figure 1 was not able to 
format an instruction during the previous clock cycle. An 
example of a reason the instruction format logic 114 could 
not format an instruction is a stall in the microprocessor 
100 pipeline (for example caused by execution of a floating 
point instruction, prior to the branch instruction, that 
requires many clock cycles to complete) . 
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[0085] Byte 6 of instruction buffer 112C contains 
instruction byte X, passing from byte 13 of the byte 
selection register 104B through the muxing logic 108 and 
loaded into byte 6 of instruction buffer 112C according to 
step 424. Instruction byte X is loaded into the 

instruction buffer 112C immediately adjacent to the last 
byte of the branch instruction, i.e., adjacent to the disp 
byte, in instruction buffer 112C. Similarly, byte 7 of 
instruction buffer 112C contains instruction byte Y, 
passing from byte 14 of the byte selection register 104B 
through the muxing logic 108 and loaded into byte 7 of 
instruction buffer 112C according to step 424. Similarly, 
byte 8 of instruction buffer 112C contains instruction byte 
Z, passing from byte 15 of the byte selection register 104B 
through the muxing logic 108 and loaded into byte 8 of 
instruction buffer 112C according to step 424. 

[0086] It is noted that a branch instruction may span, 
or wrap, over two different instruction cache 102 lines. 
In one embodiment, the BTAC 116 asserts the HIT signal 134 
in conjunction with the fetch address 152 of the first 
cache line, i.e., with the cache line containing the first 
part of the branch instruction. In an alternate 

embodiment, the BTAC asserts the HIT signal 134 in 
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conjunction with the fetch address 152 of the second cache 
line, i.e., with the cache line containing the second part 
of the branch instruction. That is, the BTAC 116 caches 
the fetch address 152 of the second portion of the branch 
instruction, rather than the first portion. 

[0087] As may be seen from the foregoing example, the 
branch control apparatus of Figure 1 operates to densely 
pack only valid instruction bytes into the byte-wide 
instruction buffer 112, shifting out already formatted 
instruction bytes, and storing non-formatted instruction 
bytes at the bottom of the instruction buffer 112. The 
instruction buffer 112 is directly coupled to the 
instruction format logic 114, as shown in Figure 2, such 
that the valid instruction bytes at the bottom of the 
instruction buffer 112 may be provided directly to the 
instruction format logic 114 without additional steering 
logic required. The direct provision of the instruction 
bytes from the instruction buffer 112 to the instruction 
format logic 114 advantageously increases the time 
available for instruction formatting over a scheme that 
requires steering logic between the instruction buffer 112 
and the instruction format logic 114. 
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[0088] Advantageously, the branch control apparatus 
works with the byte-wide directly coupled instruction 
buffer to handle branches performed based on a branch 
prediction by a BTAC that predicts the branch before the 
branch instruction is decoded by instruction decode logic. 

[0089] Although the present invention and its objects, 
features, and advantages have been described in detail, 
other embodiments are encompassed by the invention. For 
example, the instruction buffer may vary in size, being 
capable of storing more or less instruction bytes than the 
embodiment shown. Furthermore, the size of the byte 
selection register may vary, as may the instruction cache 
line size. 

[0090] Those skilled in the art should appreciate that 
they can readily use the disclosed conception and specific 
embodiments as a basis for designing or modifying other 
structures for carrying out the same purposes of the 
present invention without departing from the spirit and 
scope of the invention as defined by the appended claims. 

We claim: 
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